Abstract The objective of this study was to directly measure the radiation exposure to the orthopaedic surgeon and to measure dose points to the surgeon's fingers, thyroid gland, and forehead during intraoperative fluoroscopy in periacetabular osteotomy (PAO). In a series of 23 consecutive periacetabular osteotomy procedures, exposure monitoring was carried out using thermo luminescent dosimeters. The effective dose received by the operating surgeon was 0.008 mSv per operation which adds up to a yearly dose of 0.64 mSv from PAO. The median point equivalent dose (mSv) exposure under PAO was 0.009 for the forehead and thyroid gland, 0.045 for the right index finger, and 0.039 for the left index finger. The effective estimated yearly dose received by the operating surgeon was very low. Wearing a lead collar reduces radiation exposure to the thyroid gland while the lead gloves did not protect the surgeon's fingers.
Introduction
Orthopaedic surgeons are exposed to ionising radiation during intraoperative fluoroscopy in procedures such as periacetabular osteotomy (PAO), but spine and trauma surgeons also perform a number of procedures requiring X-ray examination. PAO is a procedure performed by only a few surgeons, and at our institution one surgeon performs approximately 80 such operations per year. Thus, the same surgeon is assumed to have a higher radiation exposure than his colleagues. During fluoroscopy, the surgeon is exposed to either primary or scatter radiation due to the necessary proximity to the fluoroscope. The assistant surgeon, nurses, and anaesthetists are better protected against radiation from the fluoroscope because they can distance themselves from the fluoroscope when it radiates, thus the exposure is reduced to nearly immeasurable values; but also due to staff rotations, such that the assistant surgeons and nurses do not assist all of the PAO procedures, their exposures are limited [2, 14, 17, 18] .
In the orthopaedic theatre much is done to reduce the radiation and protect the staff by employing short screening time and intermittent radiation. In addition, the staff is required to use personal shielding to protect against X-ray exposure. However, it must be remembered that the shielding is only relative and most shields do not filter out the entire X-ray beam [19] .
In many situations, the effective whole body radiation dose is only a fraction of the dose to a single organ or tissue [7, 10, 12] . In these cases, the individual organs become the critical factors in the assessment of radiation hazards. For this reason, we wanted to undertake a study measuring the radiation exposure to the orthopaedic surgeon using intraoperative fluoroscopy at PAO. Only the orthopaedic surgeon was monitored as he and his hands are positioned close to the X-ray source. Thus, the purpose of this study was to directly measure the radiation exposure to the orthopaedic surgeon and to measure dose points to the surgeon's fingers, thyroid gland, and forehead (reflecting the dose to the lens of the eye) during intraoperative fluoroscopy in a series of consecutive PAO.
Materials and methods
A prospective study of radiation exposure to the orthopaedic hip surgeon was carried out at Aarhus University Hospital. Twenty-three consecutive PAO procedures performed by one surgeon were monitored using thermo luminescent dosimeters (TLD; TLD Poland, Krakow, Poland). TLD are small discs made of lithium fluoride with a diameter of 4.5 mm and a thickness of 1 mm. When irradiated, the energy of irradiation is absorbed. This energy appears in the form of light, the intensity of which is proportional to the energy initially absorbed on irradiation. The light intensity can be measured and, when calibrated, is equivalent to the radiation dose received. The accuracy of the TLD technique is ±2.5% as found in the Department of Medical Physics at Aarhus University Hospital which was involved in the study [11] .
The TLDs were secured to the operating surgeon's forehead (reflecting lens dose), to the thyroid gland under and above the lead collar, to the right and left second finger under the gloves, and to the third finger above the lead gloves. Furthermore, a personal TLD was carried at the waist under the lead apron ( Fig. 1) .
During each procedure the surgeon used the same lead apron and collar (Burlington Medical Supplies Inc., Newport News, VA) with a lead equivalence value of 0.35 mm. Lead gloves were sterile gloves for single use with a fixed filter equivalent value of 2.5 mm (Protech Proguard RR, model RR-1, Emerson & Co, Genoa, Italy). To monitor background radiation, a personal TLD was attached to the surgeon's jacket hanging outside the orthopaedic theatre during the PAO procedure. At monthly intervals the TLDs were sent to the Department of Medical Physics at Aarhus University Hospital where the TLD values were estimated on a Toledo 654 Tld reader (D.A. Pitman Ltd, Weybridge, England).
PAO
PAO is a joint preserving surgical treatment of hip dysplasia performed to prevent osteoarthritis. The senior author (KS) performs a newly developed minimal incision trans-sartorial approach [25] . At PAO, the osteotomised acetabular fragment is redirected three-dimensionally in an adducted, extended, and rotated position. Two cortical screws inserted in the iliac crest fix the acetabular fragment. The surgeon's use of fluoroscopy ensures correct placement of the ischial and posterior cut and also assists in evaluating the acetabular correction and finally placement and fixation of the screws. When evaluating the cuts with fluoroscopy, the surgeon needs to maintain the osteotome in place with his left hand.
Fluoroscopic device
For all PAO procedures, the departments standard X-ray equipment was used (mobile C-arm, Philips BV 25 Gold, Philips Medical Systems, Netherlands) and inspected at regular statutory checks. In intermittent fluoroscopy mode Fig. 1 Positions of the thermo luminescent dosimeters (TLDs) exposed to radiation during fluoroscopy. The TLDs were secured to the operating surgeon's forehead, the thyroid gland under and above the lead collar, on the second finger under the gloves, and on the third finger above the lead gloves in a standardised manner. Furthermore, a personal TLD was carried at the waist under the lead apron. Background radiation was monitored with a background TLD. The exact same lead apron and collar were used during all operations (low definition), automatic dose rate control was applied, controlled by a surgeon-operated foot switch. A standard fluoroscopy format was employed; shutters and a collimator were not used. Two standardised set-ups of the device were used: (1) vertical fluoroscopy with the X-ray source under the patient and the image intensifier above the patient, and (2) a false profile-60°oblique projection with the X-ray source under the patient and the image intensifier above the patient (Fig. 2a,b) . The distance between the X-ray source and the patient was modified to the particular situation as it was occasionally needed to distance the fluoroscope from the patient to get a better view. Consequently, the distance between fluoroscope and patient was not standardised but the distance was recorded.
On each TLD was a number used as a reference for positioning the TLD during the operation and for recording the TLD value at the Department of Medical Physics. Correct positioning of the TLDs was checked by a nurse and the orthopaedic surgeon before and after the operation to ensure that no TLDs were registered faulty.
To test the protective performance of the gloves, attenuation control of ten lead gloves was performed using a phantom (Gammex Solid Water, Middelton, WI, USA). To imitate the geometry of the clinical practice, the phantom had a height of 20 cm, with both length and width 25 cm. The phantom was positioned on the image intensifier and a lead glove, with a TLD above and inside, was placed on the phantom. The distance from the X-ray tube to the phantom was 66 cm and three single pulses (100 kV, 3 mA) of one second for each glove were applied. The doses to TLDs above and inside the glove were measured. With this set-up, the TLDs received radiation direct from the X-ray beam and scattered radiation from the phantom, which makes it similar to clinical practice.
Wilcoxon signed rank test was used to test for differences between exposure values with and without lead shielding and for the phantom measurements.
Results
The mean operation time was 70 minutes (range 50-85) and mean exposure time was 37 seconds per operation. In vertical projection, the mean distance between the X-ray tube and the patient was 27 cm (20-30), the mean voltage was 91 kV, and the mean mA was 2.9. In false profile, the mean distance between the X-ray tube and the patient was 27 cm, the mean voltage was 71 kV, and the mean current was 2.6 mA.
The effective dose received by the operating surgeon was 0.008 mSv (0-0.08) per operation, which adds up to an annual dose of 0.64 mSv from PAO. The equivalent dose exposures per operation are shown in Table 1 .
The exposure to the thyroid gland was significantly reduced by the collar (p<0.001) while the exposure to the Fig. 2 a Vertical fluoroscopy with the X-ray source under the patient and the image intensifier above the patient. The surgeon keeps the osteotome in place during fluoroscopy and therefore has to be close to the X-ray source and the radiated patient. b False profile-60°oblique projection with the X-ray source under the patient and the image intensifier above the patient TLD thermo luminescent dosimeter, PAO periacetabular osteotomy The TLDs were secured to the operating surgeon's forehead, to the thyroid gland under a lead collar, on the thyroid lead collar, to the right and left second finger under lead gloves, and to the third finger on the glove surgeon's fingers was not reduced by wearing lead gloves. However, the attenuation control showed that the dose to the TLD inside the lead-lined gloves was significantly reduced (p=0.011) compared to the dose above the gloves.
Discussion
Our aim was to measure the occupational exposure to the orthopaedic surgeon during intraoperative fluoroscopy in PAO. A surgeon performing 80 procedures a year receives an effective dose of 0.64 mSv/year. This exposure level is relatively low and corresponds to results from other studies on occupational exposure in orthopaedic surgery [7, 10, 12, 13, 20, 22] . The low dose in this study is explained by personal shielding, short exposure time, and use of intermittent fluoroscopy. Wearing a lead collar under PAO significantly reduces radiation exposure to the thyroid gland. But using lead gloves does not reduce the dose received by the surgeon's fingers, and the surgeon's fingers receive the most exposure per operation. The lead-lined gloves turned out to be poorly absorptive in this study, although the attenuation control showed that the dose to the TLDs was significantly reduced inside the gloves. These contradictory results are difficult to explain. The manufacturer of the gloves claims the attenuation properties of the gloves in primary X-ray beams of 100 kV to be 26%, but the manufacturer also states that the gloves are not intended for use in or adjacent to the primary X-ray beam. The intent of the gloves is to reduce the amount of scattered radiation exposure to the hands from the primary X-ray beam during fluoroscopy, but according to our measurements the gloves do not provide effective protection of the surgeon's fingers during PAO. This study confirms the findings of other studies [3, 9] such that, in orthopaedics, the limiting dose is that to the fingers and hands. This differs from previously studied groups, such as radiologists and cardiologists [15, 26] , in whom the limiting factor is the dose to the lens of the eye. The extremity dose is of particular relevance in orthopaedic practice because of the proximity of the hands to the beam during radiation. The recommended annual dose limit for the extremities is 500 mSv [1, 5, 6] , and even if we selected the highest measured dose to the hands (0.231 mSv) and multiplied by 80 (18.48 mSv) the dose did not exceed this value. The dose data provided in this study may be used as the basis for setting diagnostic reference levels for fluoroscopy use in PAO procedures.
Modern orthopaedic practice involves increased exposure of the surgeon to ionising radiation [8, 21, 23] , and there is uncertainty in predicting the effects of low-dose radiation; hence, it is wise to act on the basis that there is no safe dose of radiation. The personal shielding used in this study did not filter out the entire X-ray beam as the median value of the TLDs under the thyroid collar and gloves was not zero. A threshold below which stochastic damage from radiation does not occur has never been demonstrated, and many now believe that a threshold does not exist. What seems clear is that the greater the exposure to radiation the more likelihood there is of incurring serious side effects such as cancer [1, 4, 16] , cataracts [23] , and birth defects [1, 4, 24] .
In conclusion, the effective estimated yearly dose received by the operating surgeon was very low, and this low dose is explained by the short operation and exposure time. Wearing a lead collar reduced radiation exposure to the thyroid gland while the lead gloves did not protect the surgeon's fingers. Our current precautions appear to be adequate, but safe fluoroscopy practice with PAO in the future is dependent on repetition of studies similar to this one as techniques and workloads change.
